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SINGLE-INPUT MULTIPLE-OUTPUT
INVERTING AND NON-INVERTING
BUCK/BOOST SWITCHING REGULATOR
CONTROL METHOD AND APPARATUS

FIELD

The present disclosure relates generally to voltage regu-
lators and more particularly to controlling single-input mul-
tiple-output (SIMO) 1nverting and non-mverting Buck/
Boost switching regulators.

BACKGROUND

The background description provided here 1s for the
purpose ol generally presenting the context of the disclo-
sure. Work of the presently named inventors, to the extent it
1s described in this background section, as well as aspects of
the description that may not otherwise qualily as prior art at
the time of filing, are neither expressly nor impliedly admit-
ted as prior art against the present disclosure.

A single-mput, multiple-output (SIMO) switching regu-
lator architecture allows multiple switching regulators to be
combined and uses just one inductor. By using a single
inductor, the physical size of the switching regulator may be
reduced. Additionally, some of the power switches can be
shared between the switching regulators. The challenge with
the SIMO architecture 1s how to build a simple control

scheme that fully utilizes the energy storage capability of the
inductor and the current ratings for the power switches so

il

that these components do not become large enough to oflset
the advantages of the SIMO architecture.

SUMMARY

A system comprises an inductor; first, second, third, and
fourth transistors; first and second feedback circuits, and
first and second control circuits. The imnductor has first and
second terminals. The first and second transistors have first
terminals connected to the first and second terminals of the
inductor, respectively. A second terminal of the first transis-
tor 1s connected to a power supply, and a second terminal of
the second transistor 1s connected to a common potential.
The third and fourth transistors have first terminals con-
nected to the first and second terminals of the inductor,
respectively. A second terminal of the third transistor pro-
vides a first output voltage of a first polarity, and a second
terminal of the fourth transistor provides a second output
voltage of a second polarity. The first and second feedback
circuits generate first and second feedback signals based on
the first and second output voltages, respectively. The first
control circuit controls the first and third transistors based on
the second feedback signal and not based on the first
teedback signal. The second control circuit controls the
second and fourth transistors based on the first feedback
signal and not based on the second feedback signal.

In another feature, both the first and second output volt-
ages are ol Buck-Boost type, the first output voltage being
an 1nverting buck-boost type, and the second output voltage
being a non-mverting buck-boost type.

In another feature, the first and second control circuits
operate the first and second transistors 1n pulse-width modu-
lated current-mode continuous conduction mode at a duty
cycle, and the first and second control circuits turn on the
third and fourth transistors and provide a current path
through the inductor during a second half of the duty cycle.

10

15

20

25

30

35

40

45

50

55

60

65

2

In another feature, the first and second control circuits
respectively operate the first and second transistors 1n peak-
current mode and modulate beginning of turn-ofl time of the
first and second transistors to regulate current through a load
connected across the second terminals of the third and fourth
transistors.

In other features, the first feedback circuit comprises a
first voltage divider connected across the first output voltage
and a reference voltage, and a first error amplifier that has
first and second inputs respectively coupled to an output of
the first voltage divider and a common potential. The second
teedback circuit comprises a second voltage divider con-
nected across the second output voltage and the common
potential, and a second error amplifier that has first and
second 1nputs respectively coupled to an output of the
second voltage divider and the reference voltage.

In other features, the first control circuit comprises a first
current sensing amplifier that senses current through the first
transistor and a first comparator that generates a first control
signal to control the first and third transistors based on the
second feedback signal and an output of the first current
sensing amplifier. The second control circuit comprises a
second current sensing amplifier that senses current through
the second transistor and a second comparator that generates
a second control signal to control the second and fourth
transistors based on the first feedback signal and an output
of the second current sensing amplifier.

In another feature, the system further comprises a slope
compensator that outputs a compensating signal to the first
and second control circuits that stabilizes operation of the
first and second transistors at a duty cycle greater than or
equal to 50% and that stabilizes the first and second output
voltages 1n response to mput voltage transients.

In still other features, a system comprises a regulator, first
and second feedback circuits, and first and second control
circuits. The regulator comprises {irst and second transistors
generating first and second outputs of first and second
polarities, respectively. The first and second feedback cir-
cuits generate first and second feedback signals based on the
first and second outputs, respectively. The first control
circuit controls the first transistor based on the second
teedback signal and not based on the first feedback signal.
The second control circuit controls the second transistor
based on the first feedback signal and not based on the
second feedback signal.

In another feature, both the first and second outputs are of
Buck-Boost type, the first output being an inverting buck-
boost type, and the second output being a non-inverting
buck-boost type.

In other features, the first feedback circuit comprises a
first voltage divider connected across the first output and a
reference voltage, and a first error amplifier that has first and
second 1nputs respectively coupled to the output of the first
voltage divider and a common potential. The second feed-
back circuit comprises a second voltage divider connected
across the second output and the common potential, and a
second error amplifier that has first and second inputs
respectively coupled to the output of the second voltage
divider and the reference voltage.

In another feature, the system further comprises a slope
compensator that outputs a compensating signal to the first
and second control circuits that stabilizes operation of the
first and second transistors at a duty cycle greater than or
equal to 50% and that stabilizes the first and second outputs
in response to input voltage transients.

In another feature, the regulator further comprises third
and fourth transistors and an inductor. First terminals of the
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first and second transistors are respectively connected to first
and second terminals of the inductor. First terminals of the
third and fourth transistors are respectively connected to the
first and second terminals of the inductor. Second terminals
of the first and second transistors are respectively connected
to a power supply and a common potential. Second terminals
of the third and fourth transistors respectively provide the
first and second outputs.

In another feature, the first and second control circuits
respectively operate the first and second transistors 1n pulse-
width modulated current-mode continuous conduction mode
at a duty cycle, and the first and second control circuits
respectively turn on the third and fourth transistors and
provide a current path through the inductor during a second
half of the duty cycle.

In another feature, the first and second control circuits
respectively operate the first and second transistors in peak-
current mode and respectively modulate beginning of turn-
ofl time of the first and second transistors to regulate current
through a load connected across the second terminals of the
third and fourth transistors.

In other features, the first control circuit comprises a first
current sensing amplifier that senses current through the first
transistor and a first comparator that generates a first control
signal to control the first and third transistors based on the
second feedback signal and an output of the first current
sensing amplifier. The second control circuit comprises a
second current sensing amplifier that senses current through
the second transistor and a second comparator that generates
a second control signal to control the second and fourth
transistors based on the first feedback signal and an output
of the second current sensing amplifier.

In still other features, a method comprises generating first
and second output voltages of first and second polarities
using first and second transistors, respectively; generating,
first and second feedback signals based on the first and
second output voltages, respectively; controlling the first
transistor based on the second feedback signal and not based
on the first feedback signal, and controlling the second
transistor based on the first feedback signal and not based on
the second feedback signal.

In another feature, the method further comprises gener-
ating the first and second output voltages using a single
inductor coupled to the first and second transistors. Both the
first and second output voltages are of Buck-Boost type,
with one of the first and second output voltages being an
inverting Buck-Boost type, and the other of the first and
second output voltages being a non-inverting Buck-Boost
type.

In another feature, the method further comprises gener-
ating the first and second output voltages using a single
inductor coupled to the first and second transistors; operat-
ing the first and second transistors in pulse-width modulated
current-mode continuous conduction mode at a duty cycle;
and providing a current path through the single inductor
during a second half of the duty cycle.

In another feature, the method further comprises operat-
ing the first and second transistors in peak-current mode; and
modulating beginning of turn-ofl time of the first and second
transistors to regulate current through a load, voltage across
a load, current into two independent loads, voltage across
two 1ndependent loads, and/or current into one load and
voltage across another load.

In another feature, the method further comprises operat-
ing the first and second transistors in valley-current mode;
and modulating beginning of turn-on time of the first and
second transistors to regulate current through a load, voltage
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across a load, current into two independent loads, voltage
across two independent loads, and/or current into one load

and voltage across another load.

In another feature, the method further comprises operat-
ing the first and second transistors 1n average-current mode;
and modulating beginning of turn-on time and/or turn-oif
time of the first and second transistors to regulate current
through a load, voltage across a load, current into two
independent loads, voltage across two independent loads,
and/or current into one load and voltage across another load.

In another feature, the method further comprises operat-
ing the first and second transistors 1n current mode or voltage
mode; and modulating beginning of turn-on time and/or
turn-ofl time of the first and second transistors to regulate
current through a load, voltage across a load, current into
two 1ndependent loads, voltage across two independent
loads, and/or current into one load and voltage across
another load.

In another feature, the method further comprises gener-
ating the first and second output voltages using a single
inductor coupled to the first and second transistors; sensing
first and second currents respectively through the first and
second transistors or a current-sense element in series with
the first and second transistors or a current-sense network in
parallel with the first and second transistors or a current-
sense network 1 parallel with the single inductor; generat-
ing a first control signal to control the first transistor based
on the second feedback signal and the first current; and
generating a second control signal to control the second
transistor based on the first feedback signal and the second
current.

Further areas of applicability of the present disclosure will
become apparent from the detailed description, the claims
and the drawings. The detailed description and specific
examples are mtended for purposes of illustration only and
are not itended to limit the scope of the disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

The present disclosure will become more fully understood
from the detailed description and the accompanying draw-
ings, wherein:

FIG. 1 1s a schematic of a switching regulator that
generates a non-inverting Boost output and an inverting
Buck-Boost output using two independent switching regu-
lators;

FIG. 2 1s a schematic of a switching regulator that
generates a non-inverting Buck-Boost output and an invert-
ing Buck-Boost output using two independent switching
regulators;

FIG. 3A 1s a schematic of a switching regulator that uses
a single-input, multiple output (SIMO) architecture to gen-
erate non-inverting and nverting outputs;

FIG. 3B depicts current paths through an inductor of the
switching regulator of FIG. 3A;

FIG. 3C depicts current and voltage wavelorms for the
inductor of the switching regulator of FIG. 3A;

FIG. 4A 1s a simplified schematic of a switching regulator
that uses a SIMO architecture and a novel feedback scheme
to generate a non-inverting Buck-Boost output and an
inverting Buck-Boost output;

FIG. 4B i1s a detailed schematic of the switching regulator
of FIG. 4A;

FIG. 4C depicts current and voltage wavelorms for the
inductor of the switching regulator of FIG. 4A; and

FIG. 5 1s a flowchart of a method for controlling a
switching regulator (e.g., the switching regulator of FIG.
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4A) using a novel feedback scheme to generate a non-
inverting Buck-Boost output and an inverting Buck-Boost

output.
In the drawings, reference numbers may be reused to
identily similar and/or 1dentical elements.

DETAILED DESCRIPTION

The present disclosure relates to a control circuit for a
single-input multiple-output (SIMO) architecture with one
positive (non-inverting) Buck-Boost output and a second
negative (inverting) Buck-Boost output. There are many
ways to generate non-inverting and inverting outputs. Some
circuits use two independent switching regulators while
others use a single switching regulator to generate non-
inverting and 1nverting outputs.

FIG. 1 shows a switching regulator 100 that generates
non-inverting and nverting outputs using two mdependent
switching regulators 102 and 104. The switching regulator
102 generates a non-inverting output using a Boost control
circuit 106 and includes three switches (S1, S2, and S3) and
a first inductor (IL1). The switch S1 1s optional and used to
enhance the startup and shutdown characteristics of regula-
tor 102. The switching regulator 104 generates an inverting,
output using a Buck-Boost inverting control circuit 108 and
includes two switches (S4 and S5) and a second inductor
(L2). Thus, the switching regulator 100 generate a non-
inverting output with Boost control and an inverting output
with Buck-Boost control using a total of five switches (S1,
S2, S3, S4, and S5) and two inductors (L1 and L2).

FIG. 2 shows a switching regulator 150 that generates
non-inverting and nverting outputs using two mdependent
switching regulators 152 and 154. The switching regulator
152 generates a non-inverting output using a Buck-Boost
control circuit 156 and includes four switches (51, S2, S3,
and S4) and a first inductor (LL1). The switching regulator
154 generates an 1nverting output using a Buck-Boost
inverting control circuit 158 and includes two switches (S35
and S6) and a second inductor (LL2). Thus, the switching
regulator 150 generate a non-inverting output with Buck-
Boost control and an inverting output with Buck-Boost
control using a total of six switches (S1, S2, S3, 54, S5, and
S6) and two inductors (L1 and L2).

FIGS. 1 and 2 show that there are two different ways of
generating a non-inverting output but only one way of
generating an 1nverting output using two 1independent
switching regulators. The two diflerent ways of generating a
non-inverting output include using Boost control and three
switches or Buck-Boost control and four switches while the
inverting output can be generated using Buck-Boost control
and two switches.

FIG. 3A shows a switching regulator 200 that uses a
SIMO architecture (1.e., a single switching regulator) to
generate non-inverting and inverting outputs. The switching
regulator 200 generates the non-inverting and inverting
outputs using a Buck-Boost SIMO control circuit 202 and
includes four switches (S1, S2, S3, and S4) and a single
inductor (LL1).

FIGS. 3B and 3C respectively show current paths and
wavelorms of the switching regulator 200. The Buck-Boost
SIMO control circuit 202 controls the switching regulator
200 as follows. On a first switching pulse, the current
through the imnductor L1 1s first ramped up by turning on S1
and S2 (see current path 11). Then the current 1s ramped
down by turning on S3 and S2, thus sinking current away
from the negative output (see current path 12), until the
inductor current returns to zero.
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On a second (1.e., next) switching pulse, the current 1s
ramped up again with S1 and S2 (see current path 11); albeit,
not necessarily to the same peak current as before. Then the
current 1s ramped down a second time by turning on S1 and
S4, thus sourcing current to the positive output (see current
path 13), until the mductor current returns again to zero.

Charge 1s delivered to the positive output and drawn from
the negative output on every other switching pulse as shown
by the shaded areas in FIG. 3C. The switching regulator 200
operates 1n discontinuous conduction mode (DCM), and the
average inductor current 1s far below the peak inductor
current. With pulse-width modulation (PWM) current-mode
control, the above pattern 1s repeated continuously with the
inductor current peaks individually modulated as necessary
to service the load and maintain output voltage regulation.
Similarly, with pulse-frequency modulation (PFM) control,
the above individual switching pulses are repeated with
frequency modulation as necessary to service the load and
maintain output voltage regulation.

According to the present disclosure, as explained below 1n
greater detail, the current waveform 1s controlled more
optimally than described above. The inductor current oper-
ates 1 continuous conduction mode (CCM) so that the
average inductor current 1s nearly as high as the peak
inductor current. For a given inductor saturation current
rating, this allows the inductor to store more energy in its
magnetic flux. Conversely, for a given amount of energy
storage requirement to meet the load, an inductor with a
lower saturation current rating and smaller size may be
chosen. Furthermore, the same can be said for the current
ratings of the switches and their physical size. Also, charge
1s delivered to the positive output and drawn from the
negative output simultaneously on every switching pulse
(rather than on every other). Therefore, the input and output
ripples are smaller (or conversely smaller capacitors suflice).
This 1s accomplished via the following novel control
scheme.

FIG. 4A shows a switching regulator 300 according to the
present disclosure. The switching regulator 300 comprises
four switches (S1, S2, S3, and S4), an inductor (IL1), first and
second feedback circuits 302 and 304, and first and second
control circuits 306 and 308. The switching regulator 300
generates a first output voltage (e.g., negative or VNEG) and
a second output voltage (e.g., positive or VPOS). The first
and second output voltages are generated using Buck-Boost
control. A load may be connected across the first and second
output voltages.

FIG. 4B shows a more detailed version of the same
regulator 300, as shown in FIG. 4A. In FIG. 4B, each of the
first and second feedback circuits 302 and 304 includes a
voltage divider and a transconductance amplifier (shown as
an error amplifier g_ ). Each of the first and second feedback
circuits 302 and 304 uses a single reference voltage V-
(instead of two reference voltages +V, -and -V, _J). In each
teedback circuit, the connections to the reference voltage
and the common potential may be reversed, depending upon
the polanty of the reference voltage and the polanty of the
output voltage. Additionally, two different reference volt-
ages ol the same polarity or of opposite polarity could
instead be used with the proper connections. The example
shown 1n FI1G. 4B 1s generally favored for 1ts use of a single,
positive reference voltage.

The first feedback circuit 302 generates a first feedback
signal based on a first feedback voltage recerved from a first
voltage divider including resistors R1 and R2 connected to
a first (e.g., negative) output of the switching regulator 300.
The second feedback circuit 304 generates a second feed-




US 9,837,901 Bl

7

back signal based on a second feedback voltage received
from a second voltage divider including resistors R3 and R4
connected to a second (e.g., positive) output of the switching
regulator 300.

The first control circuit 306 controls switches S1 and S3,
which generate the first (e.g., negative) output voltage of the
switching regulator 300, based on the second feedback
signal, which 1s generated by the second feedback circuit
304 based on the second (1.e., positive) output voltage of the
switching regulator 300. The second control circuit 308
controls the switches S2 and S4, which generate the second
(e.g., positive) output voltage of the switching regulator 300,
based on the first feedback signal, which 1s generated by the
first feedback circuit 302 based on the first (1.e., negative)
output voltage of the switching regulator 300. The switches
S1 and S2 may be referred to as first and second switches,
and the switches S3 and S4 may be referred to as third and
fourth switches. The switches may be realized as transistors
of the MOSFET or bipolar or other type. Also, the switches
S3 and S4 may be referred to as synchronous rectifiers. In
general, switches S1 and S2 are used in the first phase of the
duty-cycle to increase inductor current, while switches (or
rectifiers) S3 and S4 are used i1n the later phase of the
duty-cycle to transier charge to or from the regulator outputs
while discharging the inductor current.

The clock generator 310 generates clock signals that are
output to the first and second control circuits 306 and 308
and the slope compensator 312. The slope compensator 312
generates one or more compensation signals to stabilize the
operation of the switching regulator 300. The slope com-
pensator 312 stabilizes the operation of the switching regu-
lator 300 at a duty cycle greater than or equal to 50%.
Additionally, the slope compensator 312 stabilizes the first
and second output voltages of the switching regulator 300 1n
response to mput line transients.

The first control circuit 306 includes a first current sensing,
circuit 318 and a first comparator 320. The first current
sensing circuit 318 senses a first current through the first
switch S1. The first summing circuit 314 sums the first
current and the output of the slope compensator 312 and
generates a first output. The first comparator 320 compares

the first output to the second feedback signal and generates
a first control signal to control the first and third switches S1
and S3 that generate the first (e.g., negative) output voltage
of the switching regulator 300. Thus, the first control circuit
306 controls the first and third switches S1 and S3, which
generate the first (e.g., negative) output voltage of the
switching regulator 300, based on the second feedback
signal, which 1s generated by the second feedback circuit
304 based on the second (1.e., positive) output voltage of the
switching regulator 300.

The second control circuit 308 1ncludes a second current
sensing circuit 322 and a second comparator 324. The
second current sensing circuit 322 senses a second current
through the second switch S2. The second summing circuit
316 sums the second current and the output of the slope
compensator 312 and generates a second output. The second
comparator 324 compares the second output to the first
teedback signal and generates a second control signal to
control the second and fourth switches S2 and S4 that
generate the second (e.g., positive) output voltage of the
switching regulator 300. Thus, the second control circuit 308
controls the second and fourth switches S2 and S4, which
generate the second (e.g., positive) output voltage of the
switching regulator 300, based on the first feedback signal,
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which 1s generated by the first feedback circuit 302 based on
the first (1.e., negative) output voltage of the switching
regulator 300.

FIG. 4C shows the waveforms of the switching regulator
300. The first and second control circuits 306 and 308
operate the switches S1 and S2 1n pulse-width modulated
current-mode continuous conduction mode at a duty cycle.
In the first phase of switching, switches S1 and S2 are closed
in conjunction with the PWM clock generator so as to ramp

up inductor current through current path 11 (shown in FIGS.
4A-4C). The first and second control circuits 306 and 308
turn off the switches S1 and S2 and turn on the switches S3
and S4 to provide a current path (14 shown in FIG. 4C)
through the mductor L1 during a second half of the duty
cycle. Further, the first and second control circuits 306 and
308 operate the switches S1 and S2 1n peak-current mode.
As shown 1n FIG. 4C, the first and second control circuits
306 and 308 independently modulate beginning of turn-oif
time of the switches S1 and S2 to regulate current through
the load that 1s connected at the outputs across the switches
S3 and S4. The switches S1 and S2 may turn-ofl simulta-
neously, S1 first then S2, or S2 first then S1, per the
independent modulation control. This modulation scheme
enables the combined control of the first (e.g., negative)
output voltage and the second (e.g., positive) output voltage
in response the changing output load current and changing
input voltage.

In some applications, a load such as an active-matrix
organic light-emitting diode (AMOLED) display 1s con-
nected from the positive output to the negative output. In
such applications, the positive and negative load currents are
symmetrical (the same except for polarnity). However, the
positive and negative output voltages are often not sym-
metrical and have to be individually regulated. In FIGS. 4A
and 4B, the symmetrical load current will allow the current
path 14 (S3 and S4 turned on) to dominate the time when the
inductor L1 1s being discharged. The current paths 12 and 13
are only enabled for relatively short periods to allow the
output voltages to be independently modulated into regula-
tion.

Furthermore, in FIGS. 4A and 4B, the load current 1s
shown to be symmetrical between the two outputs; however,
cach output may have unsymmetrical load current as well as
unsymmetrical output voltage. In such cases, the first and
second control circuits 306 and 308 will independently
modulate the beginming of turn-ofl time of the switches S1
and S2 to regulate each output by turning off either S1 first
then S2, or S2 first then S1, to a larger proportion 1n response
to how unsymmetrical the output loads and voltages are.

The switching regulator 300 provides many benefits.
First, a single inductor and only four switches are used to
generate two outputs. Both outputs (VNEG and VPOS) of
the switching regulator 300 become buck-boost; therefore,
the mput voltage of the switching regulator 300 can be
greater than or less than the magnitudes of both the positive
and negative output voltages of the switching regulator 300.
When the switching regulator 300 1s turned off (1.e., dis-
abled), both the outputs (VNEG and VPOS) of the switching
regulator 300 can return to zero volts without any additional
true-shutdown circuits, which are needed 1n a Boost-only
solution. Typical soft-start techniques (such as ramping
Vrel) work well with the switching regulator 300. Addition-
ally, the inductor current operates 1n continuous conduction
mode (CCM), allowing average inductor current to approach
peak inductor current at heavy loads, so as to fully utilize the
energy storage capability of an inductor with a given satu-
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ration current rating. Additionally, using transistors as
switches, the switching regulator 300 can regulate the out-
puts at no load.

FIG. 5 shows a method 400 for controlling a switching,
regulator (e.g., the switching regulator 300 of FIGS. 4A and
4B). At 402, a new switching cycle 1s mitiated after comple-
tion of a prior switching cycle. The new switching cycle

begins with the start of an on-time. During the on-time, the
first and second switches (51 and S2 from FIGS. 4A and 4B)

are closed, so that inductor current (11 from FIGS. 4A-4C)
ramps up due to the voltage across the inductor.

During the on-time, a first feedback circuit (302 from
FIGS. 4A and 4B) monitors a first output (e.g., VNEG from
FIGS. 4A and 4B) to generate a first feedback signal. At the
same time, a second feedback circuit (304 from FIGS. 4A
and 4B) monitors a second output (e.g., VPOS from FIGS.
4A and 4B) to generate a second feedback signal. The

second feedback signal 1s sent to a first control circuit (306
in FIGS. 4A and 4B), while the first feedback signal 1s sent

to a second control circuit (308 1n FIGS. 4A and 4B). The
first and second control circuits contain first and second
PWM comparators (320 and 324 1n FIG. 4B), respectively.
In the method 400 of FIG. 5, a first condition Reg1 1s defined
as when the first feedback signal 1s suflicient to trip the
second PWM comparator, and a second condition Reg2 1s
defined as when the second feedback signal 1s suflicient to
trip the first PWM comparator.

At 404, the on-time 1s ended as soon as either condition
Regl or condition Reg2 first exists. If condition Reg2 exists,
but condition Regl does not, then a first ofl-time 1s mitiated
at 406. IT condition Regl exists, but condition Reg2 does
not, then a second off-time 1s mitiated at 408. If both
conditions Regl and Reg2 exist, then both the first and
second ofl-times are initiated simultaneously at 410.

During the first ofl-time at 406, the first switch (S1 from
FIGS. 4A and 4B) 1s opened and a third switch (53 from
FIGS. 4A and 4B) 1s closed. The second switch (52 from
FIGS. 4A and 4B) remains closed. During this first off-time,
inductor current flows from the first output through the third
switch, the inductor, and the second switch to a common
potential (12 1n FIGS. 4A-4C). Because charge 1s now being,
removed from the first (e.g., negative) output, at some short
time later, condition Regl 1s also met, and method 400
initiates the second ofl-time 1n addition to the first ofi-time
at 410.

During the second ofi-time at 408, the second switch (S2
from FIGS. 4A and 4B) 1s opened and a fourth switch (54
from FIGS. 4A and 4B) 1s closed. The first switch (S1 from
FIGS. 4A and 4B) remains closed. During this second
ofl-time, inductor current flows from the input source
through the first switch, the inductor, and the fourth switch
to the second output (13 1 FIGS. 4A-4C). Because charge
1s now being added to the second (e.g., positive) output, at
some short time later, condition Reg2 1s also met, and
method 400 1mtiates the first ofl-time 1n addition to the
second off-time at 410.

At 410, when both the first and second off:

-times are

concurrent, the first and second switches (S1 and S2 from
FIGS. 4A and 4B) are opened, and the third and fourth

switches (S3 and S4 from FIGS. 4A and 4B) are closed.
During this combined off-time, mnductor current flows from
the first output through the third switch, the inductor, and the
fourth switch to the second output (14 i FIGS. 4A-4C).
Charge 1s now simultaneously being removed from the first
(e.g., negative) output and added to the second (e.g., posi-
tive) output, and inductor current ramps down due to the
voltage across the inductor.
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The combined ofl-time at 410 1s ended at 412 when the
clock (310 from FIG. 4B) terminates the switching cycle. At
the end of the ofi-time, a new on-time 1s 1mtiated at 402 and
the switching cycle 1s repeated.

In the method 400, switching cycles are repeated so long
as the circuit 1s enabled and the clock 1s running. Generally,
a fixed-frequency clock 1s applied and pulse-width-modu-
lation (PWM) peak-current-mode control circuitry 1s used,
as shown 1n FIG. 4B. However, those skilled 1n the art of
switching regulator control theory will recognize that
method 400 of FIG. 5 and the crossed-over control scheme
of FIG. 4A can be implemented with other control archi-
tectures, such as, but not limited to, PWM valley-current-
mode, PWM voltage-mode, hysteretic voltage- or current-
mode, constant or adaptive on-time or oilf-time, efc.

The foregoing description 1s merely 1llustrative in nature
and 1s 1n no way intended to limit the disclosure, its
application, or uses. The broad teachings of the disclosure
can be implemented 1n a variety of forms. Therefore, while
this disclosure includes particular examples, the true scope
of the disclosure should not be so limited since other
modifications will become apparent upon a study of the
drawings, the specification, and the following claims. As
used herein, the phrase at least one of A, B, and C should be
construed to mean a logical (A OR B OR C), using a
non-exclusive logical OR, and should not be construed to
mean “at least one of A, at least one of B, and at least one
of C.” It should be understood that one or more steps within
a method may be executed in different order (or concur-
rently) without altering the principles of the present disclo-
sure.

None of the elements recited 1n the claims are intended to
be a means-plus-function element within the meaning of 35
U.S.C. §112(1) unless an element 1s expressly recited using
the phrase “means for,” or in the case of a method claim
using the phrases “operation for” or “step for.”

What 1s claimed 1s:

1. A system comprising:

an inductor having first and second terminals;

a first transistor having a first terminal connected to the
first terminal of the inductor, and a second terminal
connected to a power supply;

a second transistor having a first terminal connected to the
second terminal of the inductor, and a second terminal
connected to a common potential;

a third transistor having a first terminal connected to the
first terminal of the inductor, and a second terminal
providing a {irst output voltage having a first polarity;

a Tourth transistor having a first terminal connected to the
second terminal of the inductor, and a second terminal
providing a second output voltage having a second
polarity;

a first feedback circuit that generates a first feedback
signal based on the first output voltage;

a second feedback circuit that generates a second feed-
back signal based on the second output voltage;

a first control circuit that controls the first and third
transistors based on the second feedback signal and not
based on the first feedback signal; and

a second control circuit that controls the second and
fourth transistors based on the first feedback signal and
not based on the second feedback signal.

2. The system of claim 1 wherein both the first and second
output voltages are of Buck-Boost type, the first output
voltage being an iverting buck-boost type, and the second
output voltage being a non-inverting buck-boost type.
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3. The system of claim 1 wherein the first and second
control circuits operate the first and second transistors in
pulse-width modulated current-mode continuous conduction
mode at a duty cycle, and wherein the first and second
control circuits turn on the third and fourth transistors and
provide a current path through the inductor during a second
half of the duty cycle.

4. The system of claam 1 wherein the first and second
control circuits respectively operate the first and second
transistors in peak-current mode and modulate beginning of
turn-ofl time of the first and second transistors to regulate
current through a load connected across the second terminals
of the third and fourth transistors.

5. The system of claim 1 wherein:

the first feedback circuit comprises a first voltage divider
connected across the first output voltage and a refer-
ence voltage, and a first error amplifier that has first and
second inputs respectively coupled to an output of the
first voltage divider and a common potential; and

the second feedback circuit comprises a second voltage
divider connected across the second output voltage and
the common potential, and a second error amplifier that
has first and second inputs respectively coupled to an
output of the second voltage divider and the reference
voltage.

6. The system of claim 1 wherein:

the first control circuit comprises a {irst current sensing
amplifier that senses current through the first transistor
and a first comparator that generates a first control
signal to control the first and third transistors based on
the second feedback signal and an output of the first
current sensing amplifier; and

the second control circuit comprises a second current
sensing amplifier that senses current through the second
transistor and a second comparator that generates a
second control signal to control the second and fourth
transistors based on the first feedback signal and an
output of the second current sensing amplifier.

7. The system of claim 1 further comprising a slope
compensator that outputs a compensating signal to the first
and second control circuits that stabilizes operation of the
first and second transistors at a duty cycle greater than or
equal to 50% and that stabilizes the first and second output
voltages 1n response to input voltage transients.

8. A system comprising:

a regulator comprising {irst and second transistors each

having first and second terminals and a control termi-
nal; the first terminal of the first transistor generating a
first output having a first polarity; and the first terminal
of the second ftransistor generating a second output
having a second polarity;

a first feedback circuit that generates a first feedback
signal based on the first output;

a second feedback circuit that generates a second feed-
back signal based on the second output;

a first control circuit that controls the control terminal of
the first transistor based on the second feedback signal
and not based on the first feedback signal; and

a second control circuit that controls the control terminal
of the second transistor based on the first feedback
signal and not based on the second feedback signal.

9. The system of claim 8 wherein:

the first feedback circuit comprises a first voltage divider
connected across the first output and a reference volt-
age, and a first error amplifier that has first and second
iputs respectively coupled to the output of the first
voltage divider and a common potential; and
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the second feedback circuit comprises a second voltage
divider connected across the second output and the
common potential, and a second error amplifier that has
first and second nputs respectively coupled to the
output of the second voltage divider and the reference
voltage.

10. The system of claim 8 further comprising a slope
compensator that outputs a compensating signal to the first
and second control circuits that stabilizes operation of the
first and second transistors at a duty cycle greater than or
equal to 50% and that stabilizes the first and second outputs
in response to input voltage transients.

11. The system of claim 8 wherein:

the regulator further comprises third and fourth transistors

and an inductor;

first terminals of the first and second transistors are

respectively connected to first and second terminals of
the inductor:

first terminals of the third and fourth transistors are

respectively connected to the first and second terminals
of the inductor;

second terminals of the first and second transistors are

respectively connected to a power supply and a com-
mon potential; and

second terminals of the third and fourth transistors respec-

tively provide the first and second outputs.
12. The system of claim 11 wherein the first and second
control circuits respectively operate the first and second
transistors 1n pulse-width modulated current-mode continu-
ous conduction mode at a duty cycle, and wherein the first
and second control circuits respectively turn on the third and
fourth transistors and provide a current path through the
inductor during a second half of the duty cycle.
13. The system of claim 11 wherein the first and second
control circuits respectively operate the first and second
transistors 1n peak-current mode and respectively modulate
beginning of turn-ofl time of the first and second transistors
to regulate current through a load connected across the
second terminals of the third and fourth transistors.
14. The system of claim 11 wherein:
the first control circuit comprises a first current sensing
amplifier that senses current through the first transistor
and a first comparator that generates a {first control
signal to control the first and third transistors based on
the second feedback signal and an output of the first
current sensing amplifier; and
the second control circuit comprises a second current
sensing amplifier that senses current through the second
transistor and a second comparator that generates a
second control signal to control the second and fourth
transistors based on the first feedback signal and an
output of the second current sensing amplifier.
15. A method comprising:
generating first and second output voltages having first
and second polarities using first and second transistors,
cach having first and second terminals and a control
terminal; the first terminal of the first transistor gener-
ating the first output voltage having the first polarity;
and the first terminal of the second transistor generating
the second output voltage having the second polarity;

generating a first feedback signal based on the first output
voltage;

generating a second feedback signal based on the second

output voltage;

controlling the control terminal of the first transistor based

on the second feedback signal and not based on the first
teedback signal; and




US 9,837,901 Bl

13

controlling the control terminal of the second transistor
based on the first feedback signal and not based on the
second feedback signal.

16. The method of claim 15 further comprising:

generating the first and second output voltages using a
single inductor coupled to the first and second transis-
{ors,

wherein both the first and second output voltages are of
Buck-Boost type, with one of the first and second
output voltages being an inverting Buck-Boost type,
and the other of the first and second output voltages
being a non-inverting Buck-Boost type.

17. The method of claim 15 further comprising:

generating the first and second output voltages using a
single inductor coupled to the first and second transis-
tors;

operating the first and second transistors 1n pulse-width
modulated current-mode continuous conduction mode
at a duty cycle; and

providing a current path through the single inductor
during a second half of the duty cycle.

18. The method of claim 15 further comprising:

operating the first and second transistors in peak-current
mode, valley-current mode, or average-current mode;
and

modulating beginning of turn-off time of the first and
second transistors to regulate at least one of current
through a load, voltage across a load, current into two
independent loads, voltage across two independent
loads, and current into one load and voltage across
another load.

19. The method of claim 15 further comprising;:

operating the first and second transistors in current mode
or voltage mode; and

modulating beginning of turn-on time and/or turn-oil time
of the first and second transistors to regulate at least one
of current through a load, voltage across a load, current
into two 1ndependent loads, voltage across two 1nde-
pendent loads, and current into one load and voltage
across another load.

20. The method of claim 15 further comprising:

generating the first and second output voltages using a
single inductor coupled to the first and second transis-
tors;

sensing first and second currents respectively through the
first and second transistors or a current-sense element
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in series with the first and second transistors or a
current-sense network in parallel with the first and
second transistors or a current-sense network in parallel
with the single inductor;

generating a first control signal to control the first tran-
sistor based on the second feedback signal and the first
current; and

generating a second control signal to control the second
transistor based on the first feedback signal and the
second current.

21. A method comprising:

generating a first output voltage having a first polarity
using a first transistor;

generating a second output voltage having a second
polarity using a second transistor;

generating a first feedback signal based on the first output
voltage;

generating a second feedback signal based on the second
output voltage;

controlling the first transistor based on the second feed-
back signal and not based on the first feedback signal;

controlling the second transistor based on the first feed-
back signal and not based on the second feedback
signal;

generating the first and second output voltages using a
single inductor coupled to the first and second transis-
tors;

sensing a first current through the first transistor or a
current-sense element 1n series with the first transistor
or a current-sense network in parallel with the first
transistor or a current-sense network 1n parallel with the
single inductor;

sensing a second current through the second transistor or
a current-sense element 1n series with the second tran-
sistor or a current-sense network in parallel with the
second transistor or the current-sense network in par-
allel with the single imnductor;

generating a first control signal to control the first tran-
sistor based on the second feedback signal and the first
current; and

generating a second control signal to control the second
transistor based on the first feedback signal and the
second current.
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